Objectives-The tumor suppressor LKB1 has recently been shown to be involved in the regulation of microtubule dynamics, thus cancer cells with inactivated LKB1 may have developed a means to overcome dysregulated microtubule functions, making them intrinsically resistant to microtubule targeting agents. Here, we generated isogenic LKB1-wild type and mutant non-small cell lung cancer (NSCLC) cell lines to evaluate the role of LKB1 in paclitaxel resistance.
Introduction
Lung cancer is the leading cause of cancer death in the United States, with more people dying of lung cancer than prostate, breast, and colon cancers combined (1) . The majority of patients suffer from non-small cell lung cancer (NSCLC), and various anti-microtubule agents, such as paclitaxel, have been used as a component of chemotherapy against this disease. Even though paclitaxel is an effective chemotherapeutic agent against ovarian, breast, and gastric cancer, the response rate in NSCLC is only 30-40% (2) suggesting that many NSCLC tumors have intrinsic resistance to anti-microtubule agents. The best known paclitaxel resistance mechanisms are the over-expression of the MDR1 efflux pump, the expression of class III β-tubulin, and mutations in β-tubulin (3). However, some NSCLC cells have intrinsic resistance to paclitaxel in the absence of these alterations, and it is possible that other mechanisms are also involved (3) . LKB1 is the third most frequently mutated gene in smoking-related NSCLC (4, 5) . It encodes a serine/threonine kinase that is involved in the regulation of many cellular processes, including energy metabolism, cell polarity and cell mobility (6) . Most LKB1 mutations found in NSCLC inactivate its kinase activity, and some of its down-stream substrates, such as microtubule/MAP-affinity regulating kinases (MARKs), are known to regulate the function of microtubules. For example, tau has been implicated in microtubule stability (7) , and LKB1 was found to regulate tau phosphorylation through its downstream target MARK2 (8, 9) . In addition, LKB1 was recently found to promote microtubule destabilization in myoblasts (10) . Therefore, LKB1 may play a role in the regulation of microtubule dynamics. Furthermore, a 2001 study indicated that the over-expression of a dominant negative LKB1-K78M mutant in LKB1-wild type HT1080 cells led to paclitaxel and vincristine resistance, and LKB1 was found to mediate p53-dependent apoptosis in this cell line (11) . This result suggests that LKB1 may also be a mediator of paclitaxel-induced apoptosis, and the inactivation of LKB1 in some NSCLC cells may be partially responsible for their intrinsic resistance to microtubule targeting agents.
In this study, we generated various isogenic NSCLC cancer cell lines by either expressing wild-type (WT) LKB1 in LKB1-null NSCLC cell lines or depleting the endogenous LKB1 in LKB1-wild type NSCLC cell lines. The establishment of these isogenic cell lines allowed us to determine whether LKB1 is a mediator of paclitaxel-induced apoptosis in NSCLC cells.
Materials and methods

Cell culture
NSCLC cell lines A549, EKVX, H1299, H157, and H460 were purchased from the American Type Culture Collection (ATCC); all cells were maintained in RPMI1640 media. The identities of these cells were verified by genotyping service at Emory. Phoenix A and HEK293T (ATCC) cells were used as virus packaging cell lines, and were cultivated in DMEM media. Both media contained 10% fetal bovine serum (FBS) (Invitrogen) and 100 units/mL of Pen-Strep (Invitrogen).
Reagents
AICAR, paclitaxel, puromycin, doxycycline, PSC833 were purchased from Sigma-Aldrich. Paclitaxel and PSC833 were dissolved in DMSO; AICAR, puromycin, and doxcycline were dissolved in water. Antibodies against LKB1, phospho-AMPKα, total-AMPKα, phospho-ACC, caspase3, PARP, MDR1 and β-tubulin were purchased from Cell Signaling Technology. Class III β-tubulin (TUBB3) antibody was purchased from Millipore. Antibody against phosphor-tau(S262) was purchased from Invitrogen. β-Actin antibody was purchased from Sigma-Aldrich.
Small interfering RNA (siRNA) knockdown
LKB1 siRNAs were purchased from Sigma-Aldrich. The sequences of these siRNAs are provided in Table 1 . Cells were grown to 40~60% confluence in 6-well plates, and each well was transfected with 100 pmol of indicated siRNA per 2ml of medium using Lipofectamine 2000 as previously described (12).
Re-expression of LKB1 in LKB1-mutant cells
Re-expression of LKB1 was achieved using pBABE retrovirus and the Phoenix A cell line as host, pBABE vectors (from Addgene) encoding LKB1-WT or LKB1-K78M (with pBABE-puro as control vector) were transfected as described above, and viral supernatants were collected after 48 hrs. These viruses were used to infect A549, H157, H460 and EKVX cells, which were selected with puromycin for two weeks. Stably-infected cell line pools were used for subsequent experiments.
Tet-inducible LKB1 shRNA knockdown
TRIPZ lentiviruses containing vector control or doxycycline-inducible shRNAs against LKB1 (Open Biosystem, RHS4696-99705612, RHS4696-101314769, and RHS4696-101321040) were produced in the HEK293T cell line using psPAX2 and pVSVG as packaging plasmids (gifts from Dr. Trent Spencer's lab) (13) . Viral supernatants were collected after 64hrs to infect H1299 cells. Infected cells were selected with 2 μg/ml puromycin for 2 weeks to obtain stably infected pools. shRNA expression was induced by 1 μg/ml doxycycline treatment for 72 hrs.
Immunoblotting analysis
30 μg of total cell lysates were separated by 8 or 12% SDS-PAGE gels, blotted onto PVDF membranes (Bio-Rad), and probed with the indicated antibodies. β-Actin was used as a loading control.
Immunofluorescence analysis
Fixed-cell immunofluorescence was performed as described previously (14) . Tubulin was visualized by anti-α-tubulin antibody and Alexa Fluor 488 secondary antibody (Invitrogen). DNA was visualized by DAPI staining (350 nM, 10 mins). Mitotic index is defined as the percentage of mitotic figures. Cells were fixed 24 hrs after 100 nM paclitaxel treatment and stained with DAPI to visualize nuclei. At least 200 cells were counted in each field.
Proliferation assay
Cells were plated at a density of 5000~6000 per well in 96-well plates, and treated with indicated drugs after 20 hours. Cells were fixed at indicated time with 10% trichloroacetic acid (TCA), and SRB assay was carried out as previously described (15).
Cell cycle analysis
Cells were seeded in 6-well plates, subjected to the desired treatment, and then trypsinized and collected. Cells were washed twice with PBS, then fixed with cold (−20°C) 70% ethanol for 30 mins. After removal of ethanol, the cells were stained with PI/RNASE staining kit (BD Pharmingen, San Jose, CA) for 30 mins at RT in the dark, and then analyzed by FACS system (Becton Dickinson, San Jose, CA). At least a total of 10,000 gated cells were acquired for each analysis. Results were analyzed by FlowJo version 7 software.
Flow cytometry apoptosis analysis
Annexin V-PE apoptosis binding assay (BD Pharmingen, San Jose, CA) was used as recommended by the manufacturer and was carried out by FACS analysis (BD, San Jose, CA); 10,000 cells were acquired for each analysis. Results were analyzed by FlowJo version 7 software as previously described (15).
Quantitative real-time PCR analysis
qPCR was carried out as previously described (16) . β-Actin was used as the control for transcript quantitation, and GAPDH was used for genomic DNA copy number control. DNA and RNA isolated from EKVX-puro cells were used as the calibrator when measuring ABCB1 genomic copy number and transcript levels. RNA isolated from EKVX or H1299vector treated cells was used as calibrator for measuring TUBB3 Expression. Primers sequences are shown in Table 1 .
Methylation analysis
Bisulfite modification of genomic DNA followed by PCR amplification was carried out as described previously (17) . Sequences of primers for bisulfate sequencing are listed in Table  1 .
Results
We chose to restore LKB1 expression in four LKB1-null NSCLC cell lines, A549, H460, H157 and EKVX. Both A549 and H460 cells contain a Q37 nonsense mutation, and we previously reported a homozygous LKB1 deletion in H157 cells (18) . Here, we discovered that EKVX cells contains a Ser to Phe missense mutation at codon 216 in the kinase domain of LKB1 ( Figure 1A ). Genomic sequencing analysis revealed that the EVKX cell line contained a homozygous mutation in the LKB1 gene ( Figure 1B ). Functionally, this mutation leads to the suppression of endogenous LKB1 expression, and energetic stress conditions, such as glucose-free or AICAR treatment, failed to activate the phosphorylation of AMPK at Thr172, which is known to be a target phosphorylation site for LKB1 kinase ( Figure 1C , lanes 6 and 9). Therefore, EVKX is an LKB1-defective NSCLC lung cancer cell line.
Because of the potential role of p53 in paclitaxel-induced apoptosis, we also designed our study to evaluate the role of p53 in this process. A549 and H460 cells contain wild-type p53, while H157 and EKVX contain mutant p53 (p53-null and E204-to-nonsense). We restored LKB1 expression in these cells using retrovirus containing either a wild-type LKB1 or a kinase-dead LKB1-K78M mutant. For example, the expression of a wild-type LKB1 restored the ability of EKVX cells to phosphorylate AMPK at Thr172 under glucose-free conditions for 2 hours or after AICAR treatment for 5 hours ( Figure 1C, lanes 4 and 7) . The restoration of AMPK kinase activity was also supported by the phosphorylation of ACC at Ser79. In contrast, the introduction of the LKB1-K78M mutant or the empty virus failed to restore the phosphorylation of AMPK or ACC under energetic stress conditions ( Figure 1C , lanes 5 and 8). Similar data were obtained for the A549, H460 and H157 isogenic cell line panel (data not shown).
We next used a cell proliferation assay to determine whether the restoration of LKB1 function in LKB1-null NSCLC cell lines renders them more sensitive to paclitaxel treatment ( Figure 1D ). Our results indicated that the restoration of LKB1 function in LKB1-null NSCLC cells did not promote paclitaxel-induced growth suppression in either p53 wild-type or p53-mutant background. We also compared caspase-3 and PARP cleavage in these cells but failed to observe any increases in the cleaved proteins after the restoration of wild-type LKB1 expression (data not shown). Therefore, LKB1 is not a mediator of paclitaxel-induced cell killing in the NSCLC cell lines tested in this study.
One surprising finding in the LKB1-WT expressing EKVX cell line was its ability to resist paclitaxel treatment ( Figure 1D ). Flow-cytometry analysis with Annexin-V and 7AAD revealed significantly fewer apoptotic cells after paclitaxel treatment in EKVX-LKB1-WT cells (Figure 2A) . The suppression of apoptosis in EKVX-LKB1-WT cells was also supported by immunoblotting analysis of caspase-3 and PARP-cleavage ( Figure 2B ).
Paclitaxel treatment usually results in extensive G2/M phase cell cycle arrest, which was also absent in EKVX-LKB1-WT cells ( Figure 2C ). These data indicate that EKVX-LKB1-WT cells are resistant to paclitaxel-induced apoptosis. To rule out any experimental artifact, we carried out an independent selection process by introducing wild-type LKB1 into the parental EKVX cell line. This independent restoration of wild type LKB1 in the EKVX cell line (EKVX-LKB1-WT′) again led to resistance to paclitaxel, indicating that the reexpression of LKB1 preferentially promoted resistance to paclitaxel specifically in the EKVX cell line (Figure 2A ).
To explore the mechanism of paclitaxel resistance in EKVX-LKB1-WT cells, we assessed tubulin polymerization status by immunofluorescent analysis of tubulin. While paclitaxel treatment led to microtubule polymerization in cells with control vector, it failed to polymerize microtubules in EKVX-LKB1-WT cells ( Figure 3A) . Mitotic index analysis also revealed a significant decrease in the number of EKVX-LKB1-WT cells that entered mitosis ( Figure 3B ). These data suggested that paclitaxel maybe actively exported by EKVX-LKB1 cells, and immunoblotting analysis revealed significant up-regulation of MDR1 protein expression in both EKVX-LKB1-WT and EKVX-LKB1-WT′ cells ( Figure 3C ). To determine whether MDR1 was mainly responsible for paclitaxel resistance of EVKX-LKB1-WT cells, we used an MDR1-specific inhibitor PSC833, and found that pre-treatment with 4 μM PSC833 was sufficient to restore paclitaxel-induced apoptosis in EKVX-LKB1-WT and WT′ cells ( Figure 3D ). These findings indicate that the over-expression of MDR1 is the molecular basis of paclitaxel resistance in EKVX-LKB1-WT cells.
MDR1 is encoded by the ABCB1 gene, and quantitative real-time PCR analysis indicated that mRNA for ABCB1 was up-regulated 10-fold in EKVX-LKB1-WT cells and 7-fold in EKVX-LKB1-WT′ cells ( Figure 4A ). This up-regulated ABCB1 mRNA expression was not due to genomic amplification as the genomic copy number of the ABCB1 gene was not amplified in either cell line ( Figure 4B ). We also assessed the ABCB1 promoter methylation patterns in the EKVX cell line after LKB1 expression. ABCB1 has a unique CpG island which contains 13 CpG repeats and is present in exon 2 of ABCB1. Bisulfite sequencing revealed an increase in CpG island methylation of the ABCB1 promoter in EKVX-LKB1-WT cells but not in EKVX-LKB1-WT′ cells ( Figure 4C ). Therefore, the promoter of ABCB1 was not demethylated after LKB1 expression, and the up-regulation of ABCB1 mRNA is unlikely due to CpG island demethylation. Furthermore, the depletion of LKB1 in EKVX-LKB1-WT or EKVX-LKB1-WT′ cells by RNAi did not down-regulate MDR1 expression ( Figure 4D ). In combination, these data indicate that the presence of LKB1 is required to initiate the over-expression of MDR1 in the EKVX cell line, but not to maintain the elevated MDR1 expression.
We initially designed this studying using kinase-dead LKB1-K78M mutant as a negative control. The over-expression of LKB1-K78M mutant was not associated with MDR1 overexpression ( Figure 3C, lane 2) , and paclitaxel was still capable of polymerizing microtubules ( Figure 3A) , promoting mitotic arrest ( Figure 3B ) and inducing caspase-3 and PARP cleavage ( Figure 2B, lanes 6-8) . Nevertheless, even though paclitaxel had similar growth inhibitory effort on vector-treated cells and LKB1-K78M expressing cells at 48 hours ( Figure 1D) , we consistently observed a small but statistical significant increase of cell proliferation in EVKX-K78M cells at 72 and 96 hours ( Figure 5A ). These findings led us to explore other mechanisms that have previously been associated with microtubule resistance, such as the phosphorylation of tau or the altered expression class III β-tubulin. Tau phosphorylation was not altered with LKB1 expression in EKVX cells, but immunoblotting analysis revealed an up-regulation of class III β-tubulin in both EKVX-K78M and EKVX-LKB1-WT cells ( Figure 5B, lanes 2~4) , indicating that the kinase activity of LKB1 may not be required for the up-regulation of class III β-tubulin. Interestingly, a down-regulation of class III β-tubulin was also observed in H1299 cells when LKB1 was depleted by shRNA ( Figure 5B, lanes 6 and 7) . In both cases, the alteration of class III β-tubulin protein expression was not associated with a change in their transcripts level ( Figure 5C ), indicating that the presence of wild type or LKB1-K78M LKB1 protein may regulate the expression of this protein at post-transcription level. It is also important to point that this associated was only observed in a subset of NSCLC cell lines because we failed to observe similar alteration in A549, H460 or H157 cells (data not shown).
Discussion
Early genetic evidence from Caenorhabditis elegans and Drosophila indicated that LKB1 plays an important role in cell polarity (19, 20) , 6 of which have been reported to regulate microtubule dynamics (21, 22) . The direct involvement of LKB1 in microtubule dynamics was demonstrated in MEF cells and myoblasts (9, 10) . Because LKB1 is inactivated in a significant portion of NSCLC, the regulation of microtubule dynamics may be disrupted in these cancer cells. Consequently, these cancer cells may already adapted to dysregulated microtubule function, making them more resistant to microtubule targeting agents.
The first major finding of this study is that the restoration of LKB1 function in LKB1-null NSCLC cells was not sufficient to promote paclitaxel-induced cell killing. This finding differs from that of a previous report in an osteosarcoma cell line, where LKB1 was found to be a mediator of p53-dependent cell death (11) . We carried out our studies in two p53-wild type and two p53-mutant NSCLC cell lines but the restoration of LKB1 function failed to decrease cell proliferation. It is important to point out that the apoptotic machinery is still intact in these cells, because energetic stress, such as that induced by phenformin treatment, is capable of inducing caspase-3 and PARP cleavage in our cell lines (data not shown), which is similar to previous observations by others (23) . Therefore, either LKB1 does not play a significant role in paclitaxel-induced apoptosis in these NSCLC cell lines or this signaling pathway has additional defects. In either case, the restoration of LKB1 function alone was not sufficient to restore paclitaxel sensitivity in the NSCLC cell lines tested in this study. We also knocked-down LKB1 expression in H1299 and H1792 NSCLC cell lines. However, these cell lines are p53-mutant and we did not observe a difference in paclitaxelsensitivity, as expected (data not shown). Our data are also consistent with drug sensitivity data from The Genomics of Drug Sensitivity in Cancer (GDSC), where the mutation status of LKB1 was not found to be correlated with paclitaxel-sensitivity in 700 cancer cell lines (24) .
The surprising finding of this work is that the restoration of LKB1 function in EKVX cells leads to decreased cellular sensitivity to paclitaxel, which is in contrast to our initial hypothesis. The major contributing factor for paclitaxel resistance in EVKX-LKB1-WT cells is the up-regulation of MDR1 expression, since the pre-treatment of EKVX-LKB1-WT cells with an MDR1 inhibitor was sufficient to restore paclitaxel sensitivity. This upregulation is specific for the selection of LKB1-WT protein as it is not observed in vector or LKB1-K78M mutant expressing cells. Interestingly, the continuous presence of LKB1 is not required to maintain up-regulated MDR1 expression, indicating a permanent change in the regulation of MDR1 expression. Our data indicate that this up-regulation is due to the increase of MDR1 transcription, which is not related to genomic amplification or the demethylation of CpG islands in the promoter. Hence, EKVX-LKB1-WT cells may acquire a mean to stabilize MDR1 transcripts to promote paclitaxel resistance.
Another interesting finding in this study is the potential protein expression association between class III β-tubulin and LKB1. The overexpression of class III β-tubulin was reported to be associated with paclitaxel-resistance in ovarian cancer cell lines (25) and in tumors from ovarian cancer patients (26) . Recently, a combined meta-analysis of ten previous studies indicated that low class III β-tubulin expression level is correlated with anti-tubulin therapy in NSCLC (27) . In our cell line model, the over-expression of both wild-type and LKB1-K78M mutant in EKVX cells was associated with an increase in class III β-tubulin expression. In addition, the depletion of LKB1 expression in H1299 cells also led to decreased class III β-tubulin expression. Hence, in some NSCLC cell lines, LKB1 may regulate the expression of class III β-tubulin in a kinase-independent manner. It is important to note that this correlation was only observed in a subset of NSCLC cell lines, so the expression of class III β-tubulin may be regulated by other factors as well. Nevertheless, it will be interesting to determine in the future whether LKB1 depletion or non-sense mutations, but not missense mutations, are associated with decreased class III β-tubulin expression in clinical specimens.
Highlights
• LKB1 is not a mediator of paclitaxel-induced apoptosis in non-small cell lung cancers.
• Restoration of wild-type LKB1 in LKB1-mutant EKVX cells leads to the overexpression of MDR1 and paclitaxel resistance.
• The expression of LKB1 correlates with class III β-tubulin expression in EKVX and H1299 cells. 
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